INTRODUCTION {#sec1-1}
============

Idiopathic pulmonary fibrosis (IPF), a difficult to treat lung disease of unknown etiology characterized by chronic relentless fibrosis\[[@ref1]\] and with no available effective treatment. The outcome is dismal with a median survival of only 2-3 years.\[[@ref2]\] The condition is also characterized by overexpression of profibrotic cytokines, and a relative deficiency of interferon gamma (INFγ). With the recent paradigm shift of understanding pathogenesis as from inflammation to dysregulated fibrogrnesis, the focus of therapeutic intervention has recommended from the use of steroid and immunosuppressive agents to the prevention of fibrosis. Several trials with different agents like colchicin,\[[@ref3][@ref4]\] INF-γ,\[[@ref5]--[@ref7]\] antioxidants,\[[@ref8][@ref9]\] pirfenidone,\[[@ref10][@ref11]\] and prednizone in combination with azathioprine have shown either little or mild effects that needs further validation. Many newer agents targeting different pathogenetic mechanism have been underway.

Of late, the potential role of a class of zinc-requiring endopeptidases called matrix metalloproteinases (MMPs) in the pathogenesis of IPF has attracted attention.\[[@ref12]\] They are secreted in latent proenzyme form and are involved in the remodeling and degradation of extra cellular matrix (ECM). An upregulation of MMPs from the imbalance with their tissue inhibitor of metalloproteinases (TIMPs) can lead to release of growth factors from fibroblasts.\[[@ref13][@ref14]\] Therefore, the inhibition of MMPs can be a potential therapy for IPF.\[[@ref15]\] The authors have experienced such therapeutic improvement in cases of IPF with doxycycline,\[[@ref16][@ref17]\] an agent known for its MMPs inhibitory property with its use being accepted as MMPs inhibitor for periodontal disease by the USFDA.\[[@ref18]\]

Prolonged use of doxycycline has been well documented without problem of tolerance or toxicity.\[[@ref19][@ref20]\] However, the drug has not been selected so far with a potential therapeutic target in IPF as an inhibitor of MMPs except us.\[[@ref16][@ref17]\] Given the poor prognosis of IPF patients, the inadequacy of current treatment options, we performed an open perspective trial of therapy with doxycycline. The aim of the study was to assess in IPF patients, the inhibitory role of doxycycline on MMPs alongside the clinical effect on long-term use.

MATERIALS AND METHODS {#sec1-2}
=====================

Study design {#sec2-1}
------------

This has been an OPD based open, prospective study where the patients were selected and included from the referral OPD observing a defined protocol being approved by the institutional ethics committee. Since this novel experimental therapeutic trial was not sponsored by anyone, we did not decide any target number of inclusion and kept the endpoint as inhibition of the MMPs activity in the BALF after al least 6 months of therapy with secondary endpoints being clinical improvement in terms of 6 min walk test (6MWT), St. Georges respiratory questionnaire (SGRQ), and, lung functional as forced vital capacity (FVC). We kept a control arm too with subjects without having clinically evident systemic disease and high-resolution computerized tomography (HRCT) chest showing no evidence of any interstitial lung disease.

The study procedure {#sec2-2}
-------------------

The inclusion criteria were availability of proper informed written consent, HRCT diagnosis of IPF on agreement of a pulmonologist and a radiologist, male and female patients aged 30--70 years, fulfillment of the major and minor criteria according to the ATS-ERS guideline\[[@ref1]\] to diagnose IPF, and FVC \> 40% of predicted. The patients with history of exacerbation in past 1 month, having any obvious contraindication for doxycycline including the history of hypersensitivity, inability to meet the demand of the protocol for any reason, significant abnormality in liver or renal function, feature of chronic congestive cardiac failure (supported by echocardiography done whenever felt necessary) and pregnancy of lactating state were excluded.

The selection of the control population was accomplished from the patients who underwent bronchoscopy for evaluation of hemoptysis without any interstitial lung disease from clinical and HRCT chest evaluation. These cases had either no abnormality or minimal localized bronchiectasis in HRCT chest. The broncheo alvelor lavage fluid (BALF) was being taken from the lower lobes of the unaffected lungs in every such case.

Following the suspicion of IPF from clinical examination and chest X-ray (PA view), and upon agreement of the diagnosis of IPF on HRCT as discussed, all the patients underwent the evaluation for the diagnosis of IPF as per the ATS-ERS consensus criteria.\[[@ref1]\] Concomitant spirometry examination, 6MWT and evaluation through the SGRQ were also performed. Fiber optic bronchoscopy (FOB) and BALF was performed observing the ATS guideline\[[@ref1][@ref21]\] to exclude infection with appropriate microbiological evaluation (routine aerobic culture and AFB smear with culture). The BALF sample was immediately transported to laboratory in cold chain for estimation of the MMP -9, -3, and TIMP-1 and vascular endothelial growth factor (VEGF).

Initiation of the experimental agent doxycycline and the follow-up procedure {#sec2-3}
----------------------------------------------------------------------------

Every patient included in the study received doxycycline orally continuously (100 mg and once or twice daily based on body weight of less then or more than 50 kg) as the sole therapy for IPF alone with other necessary medications for the existing comorbidities. Proper compliance was assured on time to time follow-ups and telephonic enquiry. All the technicians and laboratory colleagues, except the treating physician, were kept blind about the identity, diagnosis, and the follow-up details of the patients. The follow-up were done periodically on a flexible protocol as per the convenience of the patient with clinical, spirometric, radiological (chest X-ray PA view) evaluations along with repeating the 6MWT and SGRQ. Repeat FOB and lavage were performed at any suitable point after at least 24 weeks of therapy with doxycycline. Similarly, we collected the BALF from 6 subjects whom we selected as "control" as described. The demographic details of the cases are given below \[[Table 1](#T1){ref-type="table"}\]. All the samples were preserved in fridge (-80°C) for future use.
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There had been provision of permanent withdrawal and shifting the patient to the conventional therapy under circumstances of no improvement or deterioration at any point of time without any secondary cause (with appropriate evaluation), in any serious adverse events, any significant side effects with the study drug or when the patient show desire to withdraw from the trial.

Assay of MMPs and MMP inhibition {#sec2-4}
--------------------------------

BAL (30 *μ*g protein) from each patient was electrophoresed in SDS-polyacrylamide gel containing either 1 mg/ml gelatin or casein under non-reducing conditions for MMP-9 and MMP-3 assays respectively. Parallel assays were performed on BALF with the addition of 1,10-phenanthroline (150*μ*M in 10% DMSO), doxycycline (50-150*μ*M in milli-Q water) and 10% DMSO and incubation for 1.5 h at 37°C. The gels were washed twice in 2.5% Triton X-100 and then incubated in calcium assay buffer (40 mM Tris-HCl, pH 7.4, 0.2 M NaCl, 10 mMCaCl~2~) for 18 h at 37°C. Gels were stained with 0.1% Coomassie blue followed by destaining. The zones of gelatinolytic or caseinolytic activities appeared as negative staining. Quantification of zymographic bands was done using densitometry linked to proper software (Lab Image, Kapelan Gmbh, Germany).

Western blotting {#sec2-5}
----------------

BALF (100 *μ*g protein) from each patient was resolved by 8% reducing SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. The membranes were blocked for 2 h at room temperature in 3% BSA solution in 20 mM Tris-HCl, pH 7.4 containing 150 mM NaCl and 0.02% Tween 20 (TBST) followed by overnight incubation at 4°C in 1:200 dilution of the respective primary antibodies in TBST containing 0.2% BSA followed by extensive washing with TBST and incubation in alkaline phosphatase-conjugated secondary antibody (1:5000) for 2 h. Polyclonal anti-MMP-9, anti-TIMP-1 and anti-VEGF antibodies were purchased from Santa Cruz Biotechnology, USA. The bands were visualized using 5-bromo-4-chloro-3-indolyl phosphate/ nitro blue tetrazolium substrate solution.

Statistical analysis {#sec2-6}
--------------------

Data for clinical and biochemical tests were fitted using Sigma plot. Data were represented as the means ± SEM. *P*\<0.05 was accepted as level of significance. The statistical analysis of the data was done using Graph Pad Instat 3 software. Comparison between groups was done using one-way analysis of variance (ANOVA) followed by Student--Newman--Keuls test. The clinical data were analyzed statistically using the paired Student\'s *t*-test.

RESULTS {#sec1-3}
=======

Characteristics of subjects {#sec2-7}
---------------------------

Six patients of IPF volunteered for the study; their demographic and functional details are shown in [Table 1](#T1){ref-type="table"}. They have been continuing the drug till the date of data compilation with a mean duration of 303.17 ± 107.92 days. All of them tolerated the drug well. The repeat BAL has been done after a mean period of 228 ± 84.96 days. Only one patient (NM) has been shifted to conventional therapy upon showing some deterioration following the second BAL. One patient with severe knee osteoarthrosis (patient 5, [Table 1](#T1){ref-type="table"}) was excluded from performing the 6MWT. Doxycycline was well tolerated in all without any significant side effects. The results of the initial and the final visits were thereafter compared statistically using clinical variables as body mass index (BMI), 6MWT, % of FVC and SGRQ. Concomitant assessment in the changes of MMP and TIMP status in BALF has also been done.

Expression of MMP-9, TIMP-1 and VEGF in patients with IPF and effect of doxycycline treatment {#sec2-8}
---------------------------------------------------------------------------------------------

BALF collected from IPF patients (*n* = 6) and then the same after doxycycline treatment (*n* = 6) were assessed for MMP-9 and -3 activity. [Figure 1](#F1){ref-type="fig"} shows the positive association of gelatinolytic and caseinolytic activity in BALF of IPF patients. Two major gelatinolytic bands which represented as MMP-9 complex and pro-MMP-9 (92 kDa) were significantly high in IPF patients \[[Figure 1a](#F1){ref-type="fig"}\]. Pro-MMP-3 activity was also significantly high in IPF patients \[[Figure 1b](#F1){ref-type="fig"}\].

![Doxycycline\'s action on MMP-9 and -3 activities in BALF of IPF patients. Equal amount of BALF protein from control subjects, IPF patients (*n* = 6) and doxycycline treated IPF patients (*n* = 6) was subjected to gelatin zymography (a) and casein (b) zymography. Control samples were collected from the noninfected portion of the lungs from IPF patients. Histogram represents proMMP-9 and proMMP-3 activity (c). Values are ± SEM of three zymograms from independent experiments. ^\*^*P* \< 0.001 and ns, nonsignificant against an appropriate control](LI-28-174-g002){#F1}

Patient\'s BALF exhibited higher pro-MMP-9 and -3 activity (\~9-fold and \~4-fold in each) as compared to control subjects while doxycycline treatment reversed those enzyme activities near to control level [Figure 1](#F1){ref-type="fig"}c. MMP inhibitors, doxycycline and 1,10-phenanthroline inhibited pro-MMP-9 activity in patient\'s BALF by 50% and 90% *in vitro* \[Figure 2[a](#F2){ref-type="fig"}--[c](#F2){ref-type="fig"}\]. There was a gradual decrease in the activity of pro-MMP-9 as well as MMP-9 complex. Inhibition of pro-MMP-9 activity by doxycycline was dose dependent with its inhibitory role on MMP-9 complex \[[Figure 2b](#F2){ref-type="fig"}\].

![Inhibitory role of doxycycline on MMP-9 activity *in vitro*. Equal amount of BALF protein from patients with IPF was incubated with increasing concentration of doxycycline and subjected to gelatin zymography (a). Histogram represents pro-MMP-9 activity (b). BALF of IPF patients (S1, S2) was incubated with 1,10-phenantholine or doxycycline and gelatin zymography were performed (c). Histogram represents pro-MMP-9 activity (d). Values are ± SEM of three zymograms from independent experiments. ^\*^*P* \< 0.001 and ^\*\*^*P* \< 0.01 while ns, non-significant against an appropriate control](LI-28-174-g003){#F2}

In order to check proteinase/antiproteinase balance in BALF of IPF patients, we performed Western blot for MMP-9 and TIMP-1. Histographic and statistical analyses revealed that both MMP-9 and TIMP-1 expression in patient\'s BALF was \~8 fold and \~4 fold higher as compared to control ones \[[Figure 3a](#F3){ref-type="fig"}\]. Doxycycline treatment reduced TIMP-1 expression to control level but MMP-9 expression to \~50% low. The angiogenic marker, VEGF expression was \~5-fold higher in IPF than in control BALF while doxycycline therapy reduced the expression by 50% \[[Figure 3c](#F3){ref-type="fig"}\]. Correlation of IPF disease outcome and level of MMP-9, -3 and, TIMP-1 as well as VEGF was found \[[Table 2](#T2){ref-type="table"}\].

![Elevated expression of MMP-9, TIMP-1 and VEGF in patients with IPF. Equal amount of BALF protein from BAL from control subjects, IPF patients and doxycycline treated IPF patients was subjected to Western blotting for MMP-9, TIMP-1 and VEGF (a). Equal loading of BALF protein in each lane was visualized through Ponseu S staining of the blot (b). The intensity of proteins was represented in histogram (c). Values represented in the histogram are ± S.E.M obtained from three independent experiments. ^\*^*P* \< 0.001 and ^\*\*^*P* \< 0.01 while ns, non-significant against an appropriate control](LI-28-174-g004){#F3}
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DISCUSSION {#sec1-4}
==========

IPF is not a homogeneous disease rather a multi-etiological condition with multimodal development with poor survival prospect.\[[@ref22]\] The pathogenesis appears complex with an unique epithelial/fibroblastic paradigm where a number of important event seemingly play significant role. Among them, the epithelial and fibroblast cell proliferation, tissue protease/antiprotease balance, epithelial mesenchimal transition at the sites of fibroblastic foci, the activation of local pro-coagulant and anti-fibrinolytic activity are important. In addition, there are other important cophenomena as (i) inflammation evident from increased infiltration of macrophages and neutrophils,\[[@ref23]\] (ii) intraalveolar coagulopathy,\[[@ref24]\] and (iii) abnormal angiogenesis that have been linked to this fibrotic disorders of the lung.\[[@ref25]\] The scientific community has been in lookout for a safe, effective and new therapy for such a chronic and progressive fibrotic lung disease.\[[@ref26]\] Thus, the research focus is shifted to intervene at the basic and molecular level of mediators to prevent the process of fibrosis.

A coordinated regulation of matrix proteolysis and endothelial cell migration is essential for new blood vessel formation. MMPs, the essential enzyme system for ECM remodeling and angiogenesis has been implicated in the pathogenesis of IPF.\[[@ref12]\] They play important role in abnormal alveolar permeability as well since VEGF, a known potent inducer of capillary permeability,\[[@ref27]\] acts in part via actions upon MMP.\[[@ref28][@ref29]\] Matrix remodeling ensues with very initiation of the disease with a MMPs/TIMPs imbalance favoring over activity of the enzyme to stimulate fibrogenesis.\[[@ref30][@ref31]\] The expression of MMP-7 has been high in human IPF and also in the murine models of fibrosis whilst attenuated fibrotic reactions has been observed in MMP-7 knockout mice have.\[[@ref32][@ref33]\] Elevated levels of MMP-1,-8,-9 have been found in conjunction with changes in the levels of their soluble inhibitors, TIMPs in IPF. Batimastate, a known MMPs inhibitor has been found to prevent bleomycin induced fibrosis of lungs in mice.\[[@ref34][@ref35]\] In view of this, the use of MMPs inhibitors for lung fibrosis in human is just a question of time.

It has been found that the conventional therapy with steroid, azathioprine, and *N*-acetyl cysteine does not have any effect on the BALF MMPs level and in general the so called standard therapy has limited effects on the course and prognosis of IPF.\[[@ref15]\] This observation was prudent despite a previous study suggesting that steroid therapy does reduce MMP-9 production from IPF patients treated with steroids and azathioprine,\[[@ref24]\] since in that study patients were not individually studied consecutively pre and post treatment. Most of the new trials with several agents as pirfenidone, colchicine, bosentan, INFγ etc. raised more noise and toxicities than the actual effect.\[[@ref3]--[@ref11]\] Many new agents are already in trial or registered for trial. In this context, trial with a non specific MMPs inhibitor doxycycline is appropriate. The drug is in market for over 30 years, in many long term uses without significant toxicities\[[@ref19][@ref20]\] and is cleared for use in periodontal disease as an MMP inhibitor by the USFDA.\[[@ref18]\] Doxycycline binds to Ca^2+^ /Zn^2+^ at catalytic sites of MMP *in vitro* and inhibits the enzymatic activity of MMPs.\[[@ref36]\] Our protocol is an open non comparative trial of doxycycline to prove its effectiveness and mechanistic role on MMPs inhibition. Before taking up the study we looked for *in vitro* MMPs inhibition of BAL by doxycycline that showed a dose responsive effectiveness. Gelatinolytic and caseinolytic activities were attenuated in BALF of IPF patients following therapy by doxycycline suggesting its action is via MMPs inhibition property. Thus, the use of doxycycline appears completely ethical and novel.

Our study had both clinical end point as improvement of lung function as FVC, SGRQ, 6MWT, and biochemical end-point as change in MMPs and TIMPs in the BAL fluid. It is noteworthy that the improvement in FVC and the 6MWT were not very significant compared to SGRQ that was highly impressive (*P* \< 0.0001). Since this is an open prospective trial of the first of its kind we decided to continue the drug instead of a fixed point and keep a close look at the clinico-radio-functional developments in the volunteers. None of the patients who continued the drug had any exacerbation during the period of observation. One other patient, not included in the trial who showed initial improvement on doxycycline had an exacerbation after stopping the drug without any information after about 3 months and finally succumbed to it. However, one patient had slight worsening of the VC; he has been stabilized after adding azathioprine and short course steroid to doxycycline. A trial with doxycycline and the conventional therapy and future trials with other agents acting on the different fibrogenic route or immune suppressive pathway will be worthwhile.

This study has several limitations. First our patient population did not all have lung biopsies to prove UIP although they were well characterized according to international guidelines in a specialist clinic. Second, the difference in age between the IPF patients and our healthy controls may be a confounding factor when comparing MMP levels. To address this we examined the relationship between age and MMP levels in IPF and normal controls and found no correlation. Finally, it is important to understand that MMP levels in BALF do not necessarily reflect activity within the interstitium but our results do confirm findings from previous studies. As BALF being the only sample of the alveolar component of the lung\'s response to disease, it is likely that the altered production of the other MMPs in sites not sampled by BAL can also contribute to the initiation of ECM remodeling in this disease. To conclude, the study is the first of its kind to demonstrate the role of doxycycline to inhibit MMPs in BALF of IPF patients along with significant improvement in SGRQ on prospective trial. Doxycycline merits further scientific evaluation and may find a place in the management of IPF.
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